Slow, rhythmic oscillations (<5 Hz) in the sleep electroencephalogram may be a sign of synaptic plasticity occurring during sleep. The oscillations, referred to as slow-wave activity (SWA), reflect sleep need and sleep intensity. The amount of SWA is homeostatically regulated. It is enhanced after sleep loss and declines during sleep. Animal studies suggested that sleep need is genetically controlled, yet the physiological mechanisms remain unknown. Here we show in humans that a genetic variant of adenosine deaminase, which is associated with the reduced metabolism of adenosine to inosine, specifically enhances deep sleep and SWA during sleep. In contrast, a distinct polymorphism of the adenosine A 2A receptor gene, which was associated with interindividual differences in anxiety symptoms after caffeine intake in healthy volunteers, affects the electroencephalogram during sleep and wakefulness in a non-state-specific manner. Our findings indicate a direct role of adenosine in human sleep homeostasis. Moreover, our data suggest that genetic variability in the adenosinergic system contributes to the interindividual variability in brain electrical activity during sleep and wakefulness.
T
he homeostatic regulation of rest and sleep is a common principle in invertebrates, fish, and mammals (1) . Sleep homeostasis has been associated with local synaptic plasticity (2) . Sleep homeostasis implies that increased sleep need associated with prolonged wakefulness results in compensatory changes in sleep duration and, particularly, in sleep intensity during subsequent sleep. It has long been observed in humans that the duration of deep, non-rapid-eye-movement (non-REM) sleep, i.e., slow-wave sleep, is homeostatically regulated (3, 4) . Moreover, electroencephalogram (EEG) slow-wave activity (power within Ϸ0.5-5 Hz) during sleep and theta͞low-alpha activity (Ϸ5-9 Hz) during wakefulness are robust physiological markers of sleep need and sleep intensity (5) (6) (7) . Although these regulatory characteristics are well established (8) , the neurochemical and molecular mechanisms underlying sleep homeostasis are unknown.
The neuromodulator adenosine was proposed to provide a neurochemical substrate contributing to sleep homeostasis. Converging lines of evidence, primarily from electrophysiological, microdialysis, and pharmacological animal studies, accumulated in past decades to support an important role of adenosine, as well as adenosine A 1 and A 2A receptors, in sleep and sleep regulation (see refs. 9 -12 for recent overviews). Moreover, quantitative trait loci analyses in mice revealed that a genomic region containing the genes of two adenosinemetabolizing enzymes, adenosine deaminase (ADA) and Sadenosyl-homocysteine hydrolase, modifies the rate at which sleep need accumulates during wakefulness (13) . This mouse quantitative trait locus is homologue to a region on the human chromosome 20 that contains the gene that encodes ADA (14) . More than 30 allelic variants of ADA are currently listed in the Online Mendelian Inheritance in Man (OMIM) database (accession no. 608958). Most of these variants represent nonfunctional alleles, which give rise to severe combined immunodeficiency. The most frequent allele that is asymptomatic in heterozygous carriers is caused by a G-to-A transition at nucleotide 22 (coding DNA 22G3 A). This transition leads to the substitution of asparagine for aspartic acid at codon 8 (protein Asp8Asn) of the ADA protein (15) . The following genotype frequencies are expected to occur in a healthy Caucasian population: G͞G, 88 -92%; G͞A, 8 -12%; and A͞A, Ͻ1% (16, 17) . It was shown that individuals with the G͞A genotype exhibit 20 -30% lower enzymatic activity in erythrocytes and leucocytes than individuals with the G͞G genotype (18) and may be at an elevated risk of developing autism (19) . We hypothesized that the ADA 22G3 A polymorphism affects sleep and EEG markers of sleep homeostasis.
It has long been suggested that certain aspects of sleep and EEG variables ref lecting sleep homeostasis indicate heritable traits (see ref. 20 for review). For example, studies of human twins revealed that genetic effects account for a substantial proportion of the variance in subjective estimates of sleep quality and duration (21, 22) . Moreover, sleep recordings in monozygotic and dizygotic twin pairs disclosed significant genetic inf luences. It was found that primarily sleep variables, which ref lect sleep need, are modulated by genetic components (23) . In accordance with a role of ADA in sleep homeostasis, our data show that sleep in subjects with the G͞A genotype is characterized by more slow-wave sleep and is more intense than in subjects with the G͞G genotype. To examine whether these differences are specific for this polymorphism in the adenosinergic system, we also investigated the effects, shown by sleeping and waking EEG, caused by an adenosine A 2A receptor coding DNA 1976T3 C polymorphism. This polymorphism was recently associated with individual differences in the acute anxiogenic response to caffeine (24) , suggesting that this genetic variability is functionally relevant. Moreover, adenosine A 2A receptors are important for mediating central nervous effects of sleep-and wake-promoting substances such as adenosine, prostaglandin D 2 , GABA, histamine, and caffeine (25) (26) (27) . Independent of sleep and wakefulness, we observed significant differences in brain oscillatory activity within the theta͞low-alpha range in individuals with the T͞T and C͞C genotypes. This observation indicates that this polymorphism affects EEG-generating mechanisms rather than sleep homeostasis. Taken together, our findings suggest that certain aspects of the high interindividual variability in human sleep and EEG variables ref lecting sleep need are associated with polymorphisms in the adenosinergic system.
Materials and Methods
The study protocol and all experimental procedures were approved by the cantonal and local ethics committees for research on human subjects. They were conducted according to the principles of the Declaration of Helsinki.
Caffeine is a competitive adenosine receptor antagonist (28) . Because ADA is important in regulating central nervous adenosine levels (29), we predicted that the 22G3 A polymorphism modulates the potency of caffeine and contributes to the high interindividual variability in subjective caffeine sensitivity. To optimize recruitment of subjects with G͞A and G͞G genotypes, we distributed an Internet questionnaire about subjective caffeine sensitivity and sleep to 20,343 university students. A total of 4,329 individuals (2,308 men and 2,021 women) responded (response rate: 21.3%). About one-third of the respondents rated themselves as being caffeine-sensitive (4.0% very sensitive), one-third as averagely caffeine-sensitive, and one-third as caffeine-insensitive (4.3% very insensitive). The 22G3 A genotype was determined with allele-specific PCR typing (30) in 119 individuals who had no complaints about their health or sleep and either very high or very low caffeine sensitivity (87 men and 32 women; mean age: 25.3 Ϯ 3.2 years).
Genomic DNA was extracted from 10-ml blood samples. The genotypes of the ADA 22G3A and A 2A receptor (ADORA2A) 1976T3C polymorphisms (reference SNP ID no. rs5751876) were analyzed in 100 ng of DNA with allele-specific PCR (31) . HotStarTaq DNA polymerase (Qiagen, Hilden, Germany) and allele-specific primers for each gene were used. ADA primers were as follows: forward-G, 5Ј-ccc aga cgc ccg cct tcg-3Ј; forward-A, 5Ј-ccc aga cgc ccg cct tca-3Ј; reverse, 5Ј-gaa ctc gcc tgc agg agc c-3Ј (annealing temperature, 60°C; 1.5 mM MgCl 2 ; 1ϫ Q-solution). ADORA2A primers were as follows: forward-T, 5Ј-cgg agg ccc aat ggc tat-3Ј; forward-C, 5Ј-cgg agg ccc aat ggc tac-3Ј; reverse, 5Ј-gtg act ggt caa gcc aac ca-3Ј (annealing temperatures: C allele, 66°C, and T allele, 68°C; 1.5 mM MgCl 2 ).
Among the participants of the genetic study, healthy students with distinct genotypes were recruited for sleep studies (Table 1) . Seven individuals with the ADA 22G3A G͞A genotype [body mass index (BMI) ϭ 22.8 Ϯ 3.2 kg͞m 2 ] were pair-matched prior to the sleep recordings with seven individuals with the G͞G genotype (BMI ϭ 24.1 Ϯ 1.2 kg͞m 2 ). In a separate study, nine individuals with the A 2A receptor 1976T3C C͞C genotype (seven men and two women; age ϭ 24.6 Ϯ 2.8 years; BMI ϭ 21.9 Ϯ 2.4 kg͞m 2 ) were pair-matched with nine individuals with the T͞T genotype (age ϭ 24.6 Ϯ 2.6 years; BMI ϭ 23.2 Ϯ 3.4 kg͞m 2 ). During the 2 weeks before the study, the subjects were asked to abstain from all caffeine (coffee, tea, cola drinks, chocolate, and energy drinks), to wear a wrist activity monitor on their nondominant arm, and to keep a sleep-wake diary. Actigraphy-derived nocturnal sleep durations did not differ between the groups. The means (Ϯ SEM) were as follows: G͞A, 474 Ϯ 17 min; G͞G, 457 Ϯ 15 min; C͞C, 465 Ϯ 15 min; and T͞T, 467 Ϯ 16 min. During the 3 days before the study, the participants were instructed to abstain from alcohol and to maintain a regular sleep-wake cycle with the timing and duration of the sleep episodes matched to the sleep schedule of the laboratory nights. All subjects spent two consecutive nights in the sleep laboratory, where sleep was scheduled from 2300 to 0700 h or from 2400 to 0800 h. The first night was considered an adaptation night, and the data were not analyzed. All waking and sleep EEG recordings were performed as described in previous studies (32) . The waking EEG was collected in two sessions, one before and one after the sleep episode. The data of the two waking EEG recordings were averaged.
The statistical analyses were performed with SPSS 11.5 (SPSS, Chicago) and SAS 8.02 (SAS Institute, Cary, NC) software. The significance level of all statistical tests was set at ␣ Ͻ 0.05. To approximate a normal distribution, the EEG data were logtransformed before statistical tests.
Results
The distribution of the ADA genotypes was the same in the caffeine-sensitive and caffeine-insensitive groups. The prevalence of the G͞A genotype was 11.3% (6͞53) in the caffeinesensitive group, 11.8% (6͞51) in the caffeine-insensitive group, and 10.9% (13͞119) in the entire group. No individual with an A͞A genotype was identified. On the basis of the detailed subjective caffeine effects questionnaire, 15 individuals of the entire group could not be unambiguously classified as either caffeine-sensitive or caffeine-insensitive.
We then examined whether the 22G3A polymorphism affects sleep quality. In humans, as well as in animals, sleep is repeatedly interrupted by brief awakenings. Animal studies confirmed a high correlation between sleep continuity and EEG delta activity (33) . Consistent with our hypothesis that reduced ADA enzymatic activity improves sleep, individuals with the G͞A genotype (n ϭ 13) reported fewer awakenings at night than individuals with the G͞G genotype (n ϭ 106) (Fig. 1) . With one exception, all subjects with the G͞A genotype stated that they either seldom or never consciously awaken during sleep. The frequency of perceived awakenings was more widely distributed in subjects with the G͞G genotype.
To verify that the 22G3 A polymorphism also modulates objective measures of sleep, all-night polysomnograms were recorded in age-and sex-matched volunteers with the G͞A (n ϭ 7) and G͞G (n ϭ 7) genotypes. Sleep efficiency was equally high in both groups of good sleepers (Table 1) . Nevertheless, individuals with the G͞A genotype showed almost double the amount of deep, stage-4 sleep and roughly 30 min more slow-wave sleep within the 8-h sleep period when compared with the G͞G genotype. The difference in the duration of slow-wave sleep represents about half of the difference between baseline and recovery nights after one night without sleep (32) . Typical brain electrical oscillations in slow-wave sleep are illustrated in representative 20-s epochs of stage 4 in two young men with distinct ADA genotypes (Fig. 2) . It is clearly evident that the amplitude and prevalence of slow waves are higher in the man with the G͞A genotype than in the man with the G͞G genotype. This observation suggested that the ADA 22G3A polymorphism modulates not only the duration of slow-wave sleep but also the intensity of sleep. To examine this hypothesis, the EEG spectral power in sleep and wakefulness in subjects with the G͞A genotype was expressed as a percentage of the corresponding values in subjects with the G͞G genotype (Fig. 3 Left) . Consistent with deeper sleep, power in non-REM sleep was higher in individuals with the G͞A genotype in all frequency bins encompassing the delta and low-theta bands (0.5-5.75 Hz). The difference was particularly large for power Ͻ2 Hz. Also, in slow-wave sleep (0.5-1.75 and 3.0-5.25 Hz; data not shown in Fig. 3) and REM sleep (2.25-2.5, 3.75-4.25, and 4 .5-5.0 Hz), EEG activity was higher in many bins within the slow-wave range. The difference in averaged absolute 0.5-to 5.0-Hz activity was highly significant in non-REM sleep (118. Sleep depth dissipates during the course of a sleep episode (8) . Thus, sleep depth is high in the first half of the night and low in the second half of the night. If sleep is deeper in the G͞A genotype compared with the G͞G genotype, we hypothesized that the differences between the genotypes would resemble the differences between the first and second half of the night. The latter differences are illustrated in Fig. 4a . In accordance with previous studies, power was higher in the low EEG frequencies (0-10.75 Hz). Statistical analyses indicated that the effect of sleep depth (i.e., comparison of first and second ''half of night'') on the EEG power spectrum in non-REM sleep is particularly strong in the delta͞theta range ( Fig. 4b; highest F-values in analysis of variance for repeated measures between Ϸ0.5-7 Hz). A very similar evolution of F-values as a function of frequency was also present for the factor ''genotype'' ( Fig. 4c ; comparison of G͞A and G͞G genotypes). This finding supports the conclusion that sleep depth is higher in the G͞A genotype than in the G͞G genotype. The statistics in the delta͞theta range revealed no significant interaction between half of night and genotype (Fig. 4d) . This result corroborates the findings of mouse studies that the rate at which sleep depth decreases during sleep does not vary with genotypes (13) .
To examine whether the differences between the G͞A and G͞G genotypes are specific for this polymorphism and related to sleep regulation, we investigated the sleep and waking EEG in healthy, age-and sex-matched volunteers with distinct genotypes of a 1976T3 C polymorphism in the 3Ј untranslated region of the adenosine A 2A receptor gene. This polymorphism is linked to a 2592C3 T ins polymorphism, which may change A 2A receptor expression and was recently associated with individual differences in the acute anxiogenic response to caffeine (24) . Sleep continuity and global sleep architecture did not differ between C͞C (n ϭ 9) and T͞T (n ϭ 9) genotypes (data not shown). Fig. 3 Right illustrates the EEG power spectra in the C͞C genotype relative to the T͞T genotype. However, statistical analyses revealed prominent differences distinct from those observed with the ADA 22G3 A polymorphism, and the differences were not state-specific. Compared with individuals with the T͞T genotype, power in the hightheta͞low-alpha range was invariably enhanced in individuals with the C͞C genotype in non-REM sleep (7.5-9.25 Hz), REM sleep (6.75-9.5 Hz), and wakefulness (7.5-10 Hz). Power in the waking EEG was also higher in some additional frequency bins between 11.5 and 17.5 Hz.
Discussion
This study shows that a functional polymorphism of the ADA gene is associated with interindividual variability in sleep architecture and the sleep EEG. Slow-wave sleep is longer and sleep is more intense in subjects with the G͞A genotype than in subjects with the G͞G genotype. Studies in rats have already suggested a role for ADA in sleep regulation. Thus, ADA was found to be expressed in sleep regulatory areas and to exhibit region-specific diurnal variation in enzymatic activity (34, 35) . Moreover, microdialysis perfusion of the ADA inhibitor, coformycin, into the subarachnoid space of the rostral-basal forebrain increased the concentration of extracellular adenosine and the duration of slow-wave sleep (36) . Interestingly, ADA is not only a cytosolic enzyme that catalyzes the break- Fig. 1 . Lower frequency of nocturnal awakenings in individuals with the ADA 22G3 A G͞A genotype (n ϭ 13) than in individuals with the G͞G genotype (n ϭ 106). The genotype was determined in 119 healthy subjects among 4,329 respondents to an Internet questionnaire about subjective caffeine sensitivity and sleep quality. The awakening frequency distributions differ significantly between the genotypes ( 2 ϭ 4.1, df ϭ 1, P ϭ 0.04, Kruskall-Wallis test). down of adenosine to inosine, but it is also present on the surface of cell membranes (EctoADA) where it binds to the T cell activation marker, CD26, and adenosine A 1 receptors (37, 38) . Binding of EctoADA to A 1 receptors appears to be important for efficient A 1 receptor-mediated adenosinergic neurotransmission (37) . It is possible, therefore, that local signal transduction via A 1 receptors amplifies the putative difference in extracellular adenosine levels in individuals with the G͞A and G͞G genotypes. Both EctoADA and local changes in slow-wave activity during sleep were proposed to play a role in cellular processes related to neuronal plasticity (39, 40) . It might, thus, be more than a coincidence that the differences between the G͞A and G͞G genotypes in the EEG power spectrum in non-REM sleep are remarkably similar to the sleep EEG changes observed after subjects learned a motor task and showed improvement in performance after sleep (2) .
In accordance with a role of ADA in sleep homeostasis, individuals with the G͞A genotype reported fewer awakenings at night, spent a longer time in slow-wave sleep, and showed higher delta power during sleep than individuals with the G͞G genotype. Remarkably similar changes in sleep architecture and cerebral low-frequency activity are consistently found after the physiological increase of sleep depth after total and partial sleep deprivation (5, 41, 42) . Moreover, the EEG differences between the genotypes in non-REM sleep mimicked the differences between states of high and low sleep intensity within a normal baseline night. These findings support a quantitative trait loci analysis in mice that suggested that the genomic region containing the gene encoding ADA modifies sleep need accumulated during wakefulness (13) . Our results suggest that sleep is more intense in the G͞A genotype than in the G͞G genotype. Whether the ADA 22G3 A polymorphism plays a role in the prevalence of insomnia needs to be determined in future studies.
Those frequencies in the EEG power spectrum in sleep and wakefulness, which show large interindividual variability and high intraindividual stability, include the theta and alpha bands (7, 43, 44) . Waking EEG activity in this frequency range was even suggested to be among the most heritable traits in humans (45) . We observed that power in the Ϸ7.5-10 Hz range is higher in subjects with the 1976C͞C genotype of the A 2A receptor gene than in subjects with the T͞T genotype. This difference, however, was not restricted to the waking EEG, but also prominent in non-REM and REM sleep. The lack of state-specific differences indicates that this A 2A receptor genotype plays a role in EEG generating mechanisms rather than in sleep-wake regulation. The 1976T3 C polymorphism was recently associated with symptoms of anxiety after acute caffeine intake in healthy volunteers (24) and the susceptibility to panic disorder (46, 47) . Nevertheless, the functional relevance of this polymorphism for A 2A receptor function and protein expression is presently unclear. To elucidate whether the genetic variability alters A 2A receptor signaling with sleep regulation repercussions, the effects of caffeine on EEG markers of sleep homeostasis (32) should be studied in individuals with C͞C and T͞T genotypes.
The adenosine receptor antagonist, caffeine, is the most popular psychostimulant substance in the world. In doses that are typically consumed in regular coffee preparations and with a common lifestyle, caffeine fights fatigue, prolongs the time to fall asleep, decreases the duration of slow-wave sleep, and attenuates the EEG correlates of sleep homeostasis (32, 48, 49) . These effects of caffeine supported a role for adenosine and adenosine receptors in sleep regulation. The present study provides direct evidence in humans that the adenosinergic system indeed modulates sleep and EEG correlates of sleep homeostasis. This study shows that a frequent polymorphism in the gene encoding ADA contributes to the high interindividual variability in sleep intensity. Thus, the adenosinergic system may be an important target for the pharmacological improvement of disturbances of sleep and alertness, which are highly prevalent in the general population (50). 
